The preparation and characterization of new heteronuclear-platinum(II) complexes containing 1,1'-bis(diphenylphosphino)ferrocene (dppf) ligand are described. The reaction of the known starting complex [PtMe(κ 2 N,C-bipyO-H)(SMe2)], A, in which bipyO-H is a cyclometalated "rollover" 2,2'-bipyridine N-oxide, with the dppf ligand in a 2 : 1 ratio or an equimolar ratio led to
Introduction
Ever since the serendipitous synthesis of ferrocene, numerous derivatives have been prepared. 1, 2 In this regard, ferrocenyl phosphine compounds are a well-known family of ferrocene derivatives that are extensively used in organometallic and coordination chemistry. [1] [2] [3] One of the most important ferrocenyl phosphine compounds is 1,1'-bis(diphenylphosphino)ferrocene (dppf).
1,
The dppf is a biphosphine ligand and can adopts numerous coordination modes in complexes of a range of transition metals. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] These dppf complexes have been utilized in several area such as catalysis, materials science, electrochemistry, and biology.
1, 2, 7, 9, 10, [19] [20] [21] On the other hand, the chemistry of cyclometalated complexes is of great interest because of their use in a wide range of applications. [22] [23] [24] [25] [26] For example, one of the most fascinating class of cyclometalated complexes is rollover category. [27] [28] [29] [30] In this family, the cyclometalated moieties are bidentate heterocyclic donors (2,2'-bipyridine (bipy), 29 2,2'-bipyridine N-oxide (bipyO) 31 ) rather than classical monodentate ligands (2-phenylpyridine (ppy), 24 2-vinylpyridine (vpy) 32, 33 ). The bipyO ligand has been by far less explored than bipy ligand in rollover cycolmetalation 31 or in coordination chemistry. 34 The 2,2'-bipyridine N-oxide ligand has the two most important possible binding modes in coordination to different metals (Chart 1) which are related to the nature of central metal. 31, 34 As part of our ongoing research into the cyclometalation chemistry of platinum, 32, [35] [36] [37] we now present the preparation and characterization of new neutral platinum(II) rollover complexes bearing the dppf as a spacer or chelating ligand. Furthermore optical and electrochemical properties of these complexes are described, the results being supported by theoretical calculations. 
Result and discussion

Synthesis and characterization
The new chemistry to prepare of cycloplatinated(II) rollover complexes are depicted in 31 in which bipyO-H is a cyclometalated "rollover" 2,2'-bipyridine N-oxide, was prepared by the published method, by Pt (CDCl3)), more details are collected in the Experimental Section. The schematic labeling for complexes is shown in Scheme 2.
N,C-bipyO-H)(SMe2)], A,
The structure of binuclear complex 1 was established firstly by 1 H NMR spectroscopy ( Figure S1 ). In complex 1 the equivalent methyl signal (δ = 0.90 ppm) is split into a doublet by the Figure S3 ) displayed a doublet at δ = -4167 ppm with 1 JPtP = 2316 Hz, which was close to obtained value from the 31 P { 1 H} NMR spectrum. Additionally, these observations confirmed that the dppf ligand was symmetrically bridged between the two platinum centers. [6] [7] [8] [9] [10] The 1 H NMR spectrum of complex 2 was particularly informative and in accordance with the suggested formulation ( Figure S4 ). This spectrum exhibited a doublet of doublet resonance for 
Structural Determination
The structure of 2 was determined by X-ray crystallography and two views of the molecule are shown in Figure 2 . Crystallographic data is summarized in Table S1 . Complex 2 contains a square planar platinum(II) center with the methyl group, the ortho C of the bipyO-H ligand, and two P atoms of the dppf ligand acting as the coordinating atoms. The angles around the Pt center are rather close to the ideal angle of 90°, and this could be contrasted with the strain observed in, for example, organoplatinum complexes containing bis(diphenylphosphino)amine, dppa, as chelating ligand. The imine N is not coordinated and is positioned opposite to the platinum center, and this is in contrast to the usual preference of the bipyO-H ligand to form cyclometalated complexes. 31 The dppf ligand is arranged in the usually preferred synclinal-staggered conformation. 4 The Pt(1)-P(3) distance of 2.301(2) Å is longer than the Pt(1)-P(4) distance of 2.295(3) Å, indicating that the methyl ligand probably exerts a higher trans influence than the bipyO-κ 1 C ligand. 31 This observation is in agreement with NMR spectroscopic data. On the other hand, the geometry around the metal center is also affected by the intramolecular π 
Optical properties
The UV-vis absorption spectra of all complexes A, 1 and 2 were obtained in CH2Cl2 at ambient temperature ( Figure 4 ) and the data are summarized in Table S2 . Also, the electronic absorption spectral data for the dppf ligand 3, 19 is included for comparison.
Complex A shows high energy and more intense transitions between 280-320 nm (Table   S2 ). These transitions are attributable to the intraligand charge transfer transitions ( 1 ILCT, π → π*) located on the bipyO-H cyclometalated ligand which are slightly perturbed by coordination to the metal center. 10, 44 The less intense bands at 361 nm 388 and nm are assignable to mixed spinallowed 1 IL and 1 MLCT transitions (metal to ligand charge transfer). 32, 44 The spectrum of dppf ligand displays two main absorption band (Table S2 ). The more intense band at higher energy (in the UV region) is due to π → π* transition and the less intense visible absorption band is mostly due to 1 MLCT transition (d (Fe   II   ) → π*). 19, 45 Complexes 1 and 2 reveal two main bands with different extinction coefficients (Table S2 ). The high energy band at UV region is remarkably intense and red shifted relative to that reported band for complex A. This profile can be ascribed to a π → π* ( 1 ILCT) transition which is localized on the bipyO-H cyclometalated and the dppf ligands. 10, 19 While the low intensty bands (ε = 8.6-9.2 M −1 cm −1 ) in the visible region for 1 are similar to complex A with slight red shift. Probably, this shift is associated to increasing of contribution of the 1 MLCT transition and dppf ligand has hardly any influence on these lower energy profiles (Figure 4 ). 10 However, in contrast, in 2 the less intense peaks (ε = 3. 
Computational studies Electronic structure
The singlet state geometry of complex 2 was optimized in the gas phase using B3LYP
functional of the Gaussian09 program package. 46 The molecular orbitals (MO) and singlet excited states of this complex were also studied. The data for the composition of the most important occupied and unoccupied molecular orbitals and the atomic orbital compositions for each complex (%) are listed in Table S3 . The contour plots of the selected important frontier molecular orbitals of 2 are depicted in Figure S6 . Because of the important role of the frontier molecular orbitals in the electronic excitations and the electronic transition characteristics, it will be useful to map the highest occupied (HOMO) and lowest unoccupied (LUMO) orbitals of 2 on the framework for the excited-state TD-DFT calculations. Therefore, 2 was divided to four segments: the platinum centre (Table S3) .
Analysis of chemical bonding (Extent of donation and back-donation by charge decomposition analysis)
The 
Calculated electronic absorption spectra
TD-DFT calculations were employed to examine the 50 low-lying singlet excited states of complex 2. The overlay of the experimental and simulated UV-vis spectra of complex 2 is depicted in Figure S7 . It can be seen that the simulated optical absorption spectra from the TD-DFT calculations reproduces the main features of the experimental spectra. Selected low-lying singlet excited states together with their vertical excitation energies, oscillator strengths and assignment of the transitions for complex 2 is summarized in Table 2 occurring. 49, 50 The electron density difference maps (EDDMs) of complex 2 is shown in Figure 5 , confirm the assignment of the calculated electronic transitions in Table 2 . Figure S8 (complexes 3 and 4 were selected for comparison purpose). Oxidation and reduction potentials of these complexes are also provided as Table S4 .
The dppf ligand oxidation onset is around +0.5 V and the peak potential is approximately located at 1.25 V vs. Ag/AgCl. 19 Also, the cyclic voltammogram of the dppf ligand in acetonitrile shows almost irreversible kinetics in which a reduction peak was observed. The complexes containing dppf ligand in their structure were also investigated by cyclic voltammetry. As shown in Figure S8 , both complexes 1 and 2 show a pair of quasireversible oxidation and reduction peaks which can be assigned to the Pt redox activity. Of course, the oxidation peaks of the dppf ligand and Pt are overlapped but the reduction peaks appeared at approximately -1.25 V originated from the reduction of Pt. It was observed that the oxidation of Pt and the dppf ligand occurs at more positive potentials compared to free Pt or the dppf ligand. Moreover, cyclic voltammograms of complexes 3 and 4 revealed that the oxidation behavior of dppf ligand occurred at more positive potentials with lower peak currents compared to the free dppf ligand behavior. Additionally, a broad reduction wave was observed for both complexes around -1.0 V which can be attributed to the reduction of Pt. Detailed electrochemical studies of the dppf containing species in the narrower potential range were carried out and it was found that only complexes 1 and 3 display significant electrochemical activity in the range of -1.0 to +1.0 V. Figure 6 depicts the voltammograms of these two complexes. As seen in Figure S8 , the voltammogram of complex 2 is similar to the electrochemical behavior of Pt electrode, which may indicate the lower interaction of Pt with the dppf ligand in this complex compared to complex 1. It may suggests that the dppf group in the structure of complex 2 does not have insignificant changes on its electrochemical behavior. Therefore, for 2 the electrochemistry is relatively similar to the Pt electrochemistry; and may indicate a lower stability of this complex and possible destruction of complex 2 under potential cycling during electrochemical studies. Of course, both complexes 1 and 2 show a broad peak of dppf but for the case of 1 redox peaks of ferrocene part (Fc) are more distinguishable. Perhaps, in complex 1, the dppf ligand (particularly, the Fc part) becomes more available for electron transfer. On the other hand, the redox behavior of complex 3 is similar to complex 1, especially as seen in Figure 6 in the potential range of -1.0 V to 1.0 V. The redox behavior of complexes 1-4 seems to be nearly independent of the bipyO-H or ppy groups on their structure.
Conclusion
Dppf is an excellent ligand for the development of molecular architecture with transition metals. The cycloplatinated complex A was smoothly reacted with the dppf ligand (in varying molar ratios) to produce different products due to the various coordinating abilities of this ligand.
When 0.5 equivalent of the dppf ligand was used it acts as a spacer ligand and the dinuclear complex 1 was formed. In contrast, when one molar equivalent of this ligand was applied, the dppf easily displaced the bipyO-H nitrogen to provide the P^P chelated mononuclear complex 2; this behavior is related to large bite angle of dppf. In the crystal structure of 2 the dppf ligand was found to has a synclinal-staggered conformation for the Cp rings. Moreover, this complex showed an interesting hydrogen bond interaction between C-HCp by TD-DFT calculations), respectively. Complexes 1 and 2 displayed a pair of quasireversible oxidation and reduction peaks. They could be assigned to the platinum center and the dppf unit.
These platinum complexes presented here could thus also potentially be biologically active and the screening of their anticancer behavior is currently under investigation. 
Experimental
Synthesis of complexes
[Pt2Me2(κ 2 N,C-bipyO-H)2(µ-dppf)], 1
To a solution of complex A (100 mg, 0.22 mmol) in acetone (10 mL) was added 0.5 equivalent of dppf (62.5 mg, 0.11 mmol) and the solution was stirred for 2 h at room temperature. 
X-ray Crystallography
Single crystals of 2 were suitable for X-ray diffraction analysis and were grown by slow vapor diffusion of n-hexane into CH2Cl2 solution of this complex. X-ray intensity data were collected using the full sphere routine by φ and ω scans strategy on the Agilent SuperNova dual wavelength EoS S2 diffractometer with mirror monochromated Mo Kα radiation (λ = 0.71073 Ǻ).
The crystal was cooled to 150 K using an Oxford Diffraction Cryojet low-temperature attachment.
The data reduction, including an empirical absorption correction using spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm, 52 was performed using the CrysAlisPro software package. 53 The crystal structure was solved by direct methods using the online version of AutoChem 2.0 in conjunction with OLEX2 suite of programs implemented in the CrysAlis software. 54, 55 The non-hydrogen atoms were refined anisotropically. All of the hydrogen atoms were positioned geometrically in idealized positions and refined with the riding model approximation, with Uiso(H) = 1.2 or 1.5 Ueq(C). For the molecular graphics the program SHELXTL was used. 56 All geometric calculations were carried out using the PLATON software. 57 
Computational Details
Density functional theory (DFT) calculations have been performed using the Gaussian 09 package to perform geometry optimizations, the vibrational frequencies and the electronic structures of complex 2. 46 A frequency calculation after each geometry optimization ensured that the calculated structures are real minima in the potential energy surface of the molecules. The structure of complex 2 was optimized using the B3LYP exchange-correlation functionals with the quasirelativistic Stuttgart-Dresden (SDD) effective core pseudopotential (ECP) and corresponding set of basic functions for Pt atom and 6-31G* (five pure d functions) for C, H, N, O, and P. between the metal and other fragments. Excited singlet states (50 states) were calculated by timedependent DFT (TD-DFT) in CH2Cl2 solvent which was described by conductor-like polarizable continuum model (CPCM). 61 The TD-DFT output contained information for the excited-state energies and oscillator strengths (f) and a list of the excitations that give rise to each excited states, the orbitals involved as well as the wavefunction coefficients of the excitations. From the TD-DFT calculations the electronic distribution and the localization of the singlet excited states was visualized using the electron density difference maps (EDDMs). 62 GaussSum3 was used for
EDDMs calculations and for the electronic spectrum simulation. 63 
Electrochemistry
Cyclic voltammetry (CV) measurements were performed in a three-electrode cell using an Autolab101 potentiostat (Eco.Chemie, the Netherlands). In this system, platinum electrode and Ag/AgCl electrodes were employed as counter and reference electrodes, respectively. All 
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